Abstract. We propose a mechanism previously developed as a hypothetical cause of the initiation of subduction in the Earth's mantle, to describe a situation where such subduction may occur transiently, at irregular intervals of time. It has been suggested that tectonics on Venus may be described by such a scenario. In our model, a subduction event is followed by resumption of high Rayleigh number mantle convection below a stagnant lithosphere which thickens due to conductive cooling. As it thickens, differential buoyancy causes large lithospheric stresses which eventually lead to (plastic) failure in the upper portions of the lithosphere. This plastic zone thickens faster than the lithosphere, so that at some critical time, it reaches the base of the lithosphere. At this point, the effective lithosphere viscosity decreases to that of the underlying mantle, and subduction can occur. We suggest that this is mechanistically consistent with the postulated VenusJan tectonic style.
Introduction
The tectonic style of Venus is very different from that of Earth [Solomon, 1993] . In particular, the plate tectonics of Earth is apparently absent [Solomon et al., 1992] Nevertheless, Strom et al. [1994] have reasserted the original GRM (terminating about 300 m.y. ago) on the basis of a larger crater sample size, and more elaborate statistical tests. Although not essential to the argument of this paper, we will use the GRM as a paradigm.
In order to explain how a planetary mantle can act in this way, various ideas have been put forward. Herrick and Parmentier [1994] suggested that overturn could occur in a layered mantle convection system due to competition between thermal and compositional buoyancy. Steinbach and Yuen [1992] suggested resurfacing might be attributed to a transition from phase-changeinduced layered convection to whole mantle convection as the planet cooled. Parmentier and Hess [1992] suggested a mechanism associated with evolving compositional and thermal buoyancy due to surface cooling and volcanic fractionation. Arkani-Hamed et al. [1993] associate resurfacing with a transition from oscillatory to steady convection due to planetary cooling and thus a decreasing Rayleigh number.
All of these accounts rely on the properties of convection, without considering the dynamics of subduction. In particular, these studies mostly rely on properties of constant viscosity convection, or where they do not [e.g., Lenafdic et al., 1993], the viscosity is constrained between limits. However, one of the most significant facts concerning the rheology of mantle rocks is the sensitivity of their viscosity to temperature [Kirby, 1983] .
For olivine, the temperature dependence of the viscosity is exp(E*/RT), where T is absolute temperature, R = 8.3 J mo1-1 K -I, and a typical value of E* is 523 In particular, such numerical solutions as have been obtained do not reveal subduction zones, unless these are artificially implanted [Gurnis, 1989 ]. However, variable viscosity convection can be analyzed successfully by asymptotic methods [Fowler, 1985] , and this reveals that very high lithospheric stresses, of the order of 1-10 kbar (102-103 MPa) are generated, due to the large negative buoyancy in the stagnant lid. These stresses can be in excess of the yield strength of lithospheric rocks, and indeed observations of crustal deformation bear witness to the resulting plastic behavior. Fowler [1993] showed that in this case (i.e., where a yield strength is identified), the description of rigid lid variable viscosity is only slightly modified. Specifically, if we consider a two-dimensional (steady) convecting cell, with an upwelling at x = 0 (x is the horizontal coordinate) and a top surface at z = 0 (z is the depth coordinate), then a strongly variable viscosity fluid convects vigorously, at high Rayleigh number, below a virtually stagnant lid z = s(x), in which heat transfer is conductive.
The analyses of Fowler [i985] and Moresi and Solomatov [1995] show that the highest stresses occur near the top of the lid (near z -0), and hence Fowler [1993] showed that if failure occurs, one can identify a plastic lid with base z = q(x) in which the yield stress is equaled, and the effective viscosity adapts itself so that this can be so. The nature of the convection is not altered though, providing q < s, that is, if the plastic zone lies wholly within the stagnant lid, since then the effective plastic viscosity is still very large. Now it is found that as x increases, there is a point,
x -xr say, at which q reaches s. If xr lies within the width of the convection cell, then at that point, the effective plastic viscosity is equal to that of the underlying mantle. Thus near this point, the effective lithosphere viscosity is such that it can partake in the circulation. In effect, the lithosphere is broken. This, then, is the proposed mechanism for subduction. Our purpose in this paper is to examine the model when the stagnant lid base s and the plastic lid base q depend on time. If transient subduction is to be viable in this model, then we require that there exists a failure time such that q < s for t < tr, and q reaches s at x -X F at time t --t F. Additionally, we need the location XF and time tr for failure to make geophysical sense. To be consistent with Turcotte's [1993] concept of lithospheric failure outside coronas, we would like XF ~ 200 km, and tF ~ 500 Ma, for example.
The analysis, which is briefly outlined in the appendix, is very complex, and so here we describe the form of the solution we find. After an overturning, stagnant lid convection resumes. The lid grows in thickness due to thermal conduction, but the convective flow below has a faster timescale and responds instantaneously to the changing lithosphere thickness. In particular, Fowler [1985] showed that the lithosphere thickness is entirely determined by the dynamics of a "delamination layer", more specifically a thin thermal boundary layer at the base of the lithosphere where the temperature gradient switches from conductive to adiabatic, and the strain rate increases from virtually zero toward the convective value below. We assume this is still true, and since this delamination layer timescale is very rapid, its dynamics are effectively time independent. We find that this gives a relation between the location z = s of the stagnant lid base, and the heat flux at the base of the lithosphere. This extra condition, together with transient heat conduction in the lid and thermally prescribed surface and lid base temperatures, is sufficient to determine the time-evolving temperature and lithosphere thickness.
Having determined (at least in principle) the lid thickness and the lid temperature, the momentum equations now determine the lithospheric stresses. If these exceed the yield stress, then we posit a viscoplastic rheology such that if the second stress invariant v reaches a critical value re, then a Von Mises yield criterion is adopted, wherein the viscosity r/becomes indeterminate, but is chosen so that v = to. This defines a plastic zone, whose thickness q is determined by matching stress conditions from the plastic to the viscous part of the stagnant lid; there is in fact a boundary layer there, and the stresses jump rapidly.
FOWLER AND O'BRIEN: SUBDUCTION ON VENUS 4757
In our calculation below, we nondimensionalise and scale the equations. We have to solve a complicated free boundary problem for s, but it turns out that a similarity solution is appropriate, and the problem reduces to a relatively straightforward numerical computation.
When this is solved, we then find that indeed q < s (failure does not occur) for small times t, and there is a nonzero value t F when failure occurs, at a location x = xr from the upwelling. These results and their interpretation are discussed further in the final section of the paper.
Mathematical Model
Convection of a planetary mantle where subduction does not occur can be described by the boundary layer theory of Fowler [1985 Fowler [ , 1986 , which applies to the convection of fluids with strongly temperature dependent viscosity. The bulk of the temperature drop occurs across a thick, cold, stagnant lid, and the analysis shows that the negative buoyancy generated in this lid causes large stresses to exist. Accordingly, Fowler [1993] extended his previous analyses to allow for a plastic yielding within the lid, when the stress exceeds the yield stress, typically expected to be of the order of kilobars.
(There is a mistake in that paper whose quantitative effect is quite small: it is rectified in the appendix.) In turn, this leads to a hypothesis for the onset of subduction when the plastic region extends to the base of the stagnant lid. When failure occurs, the situation is as depicted schematically in Figure 1 . The effective viscosity of the plastic region is continuous with that beneath, so that when the plastic region extends to the base of the lid, the lid viscosity is low, comparable to that in the convecting layer beneath. Consequently, it will partake in the convection, and the cold lid will subduct.
The analysis which follows is included here for completeness, but is only described in outline, for two rea- 
(•_•p) (A•T) 1 and •r is then given from (2) by (4)
In reality, dp (and thus (r) will decrease as the plume spreads. If we choose dp = 60 km, AT = 50 K, Ta 
where A is a constant determined numerically as A - (8) is discussed below.
0.087: (r is generally given by (4) and (5). By solving (6) together with (8), we can calculate both the temperature field 0 and the lid base position z = s(x,t). A prescription of appropriate boundary conditions for

Plastic lid
The stresses in the cold lid become very large, and we propose a viscoplastic rheology to deal with this, using the Von Mises yield criterion. If the (dimensional) yield stress is r•, then the plastic region is 0 < z •. q(x,t), in which the second stress invariant rijrij -2r• 2 (where r•j is the stress deviator tensor). An analysis identical to that of Fowler [1993] 
and it is clear that Q < $ for small t; hence q < s, and failure first occurs when Q touches $ as shown in higher Ra. In summary, we consider the present mechanism to be potentially viable to explain tectonic styles of both Venus and Earth, but it will require further work to be more specifically predictive.
There are two obvious limitations to our analysis. First, we have analyzed a Cartesian cellular geometry. We consider this to be a qualitative constraint. which will not alter the basic physics of the problem. A second, possibly more serious, concern is the choice of a viscoplastic rheology. The rheology of the lithosphere varies from elastic to elastic-plastic to viscous as temperature increases. Our neglect of the elastic part of the rheology is motivated certainly by the wish to solve an "easier" problem, but also because viscoelastic fluids undergoing finite shear strain do in fact behave like (nonlinear) viscous fluids [e.g., Bird et al., 1977] , and we do not see any reason to suppose that inclusion of elasticity will affect our results. Nevertheless, we do intend to include elastic effects in future studies.
Finally, how do we wish to interpret the present theory in terms of Venusian tectonics? Our cartoon of events is illustrated in Figure 4 , which indicates a plume (hot spot) flow beneath a corona. Failure occurs at a distance away from the upwelling, and the asymmetry of the plume flow is then associated with the asymmetry of the resulting subduction. Lithospheric failure is associated with low values of •, and for a given planetary mantle, % increases as the planet cools; thus the tectonic evolution would be a competition between the decreasing •, which would tend to promote failure, and the decreasing Rayleigh number, which decreases the effectiveness of convection.
